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New sources of CP violation beyond the Standard Model are crucial to explain the baryon asym-
metry in the Universe. We discuss the impact of new CP violating interactions in theories where
a dark matter candidate is predicted by the cancellation of gauge anomalies. In these theories, the
constraint on the dark matter relic density implies an upper bound on the new symmetry breaking
scale from which all new states acquire their masses. We investigate in detail the predictions for
electric dipole moments and show that if the relevant CP-violating phase is large, experiments such
as the ACME collaboration will be able to fully probe the theory.
I. INTRODUCTION
The search for violation of the CP symmetry in nature
represents a powerful tool to search for physics beyond
the Standard Model (SM). The existence of new large
CP-violating phases beyond the SM are needed to ex-
plain the observed matter-antimatter asymmetry in the
Universe. Unfortunately, the baryon asymmetry cannot
be explained in the context of the SM even if CP is bro-
ken in the quark sector.
An important observable that arises from the violation
of the CP symmetry is the electric dipole moment (EDM)
of elementary particles. Recently, the ACME collabora-
tion has set an impressive new upper limit [1]:
|de|
e
< 1.1× 10−29 cm,
on the electron electric dipole moment. For reviews on
this subject we refer the reader to Refs. [2–4]. There
is a large list of studies in this field. Previous stud-
ies about CP violation and the predictions for EDMs
have mostly focused in the context of the Minimal Su-
persymmetric Standard Model (MSSM), see e.g. [5–16],
and split-SUSY [17–19]; there are a few studies in the
context of dark sectors [20, 21] and see Refs. [22–27] for
other studies. The current experimental upper bounds
on the EDMs already constrain new physics at the TeV
scale if one has large CP-violating phases.
The predictions for EDMs in theories for physics be-
yond the SM depend on two main factors: 1) the new CP-
violating phases and 2) the new scale defining the mass of
the fields generating the EDMs, see Refs. [2–4] for more
details. For example, in supersymmetric theories there
can be new CP-violating phases coming from the super-
symmetry (SUSY) breaking sector and the SUSY scale
defines the overall scale of all superpartner masses. How-
ever, there exist different scenarios such as split-SUSY,
and in general, the SUSY scale can be high unless we are
restricted to be in a low-energy SUSY scenario. Generi-
cally, the mass scale associated to the generation of the
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EDMs can be pushed up to very high values in many the-
ories for physics beyond the SM and the predictions for
EDMs can be far from the current experimental bounds.
In this letter, we investigate the predictions for EDMs
in the context of gauge theories where a dark matter can-
didate is predicted by the cancellation of gauge anoma-
lies. In this context one predicts the existence of new
CP-violating phases and the cosmological bounds on the
dark matter relic density implies an upper bound on the
new symmetry scale in the multi-TeV. We show that one
can predict large values for the electron EDM in this con-
text if the CP-violating phases are large.
A dark matter candidate is predicted in simple gauge
theories where the anomaly cancellation predicts a new
electrically neutral field which is automatically stable af-
ter symmetry breaking. The minimal theories with this
prediction correspond to promoting baryon and/or lep-
ton number to local gauge symmetries [28, 29]. We dis-
cuss in detail the predictions for EDMs in the minimal
theory that describes the spontaneous breaking of local
baryon number at the low scale. In these theories, the
existence of an upper bound on the dark matter mass
implies an upper bound on the full theory since all par-
ticles acquire a mass from the same symmetry breaking
scale. Consequently, the charged fermions responsible
for the EDMs must live below the multi-TeV scale which
leads to large values for the electron EDM that can be
fully probed in the near future. Similar results can be
obtained in other gauge theories with these features.
This letter is organized as follows. In Section II, we dis-
cuss the connection to dark matter and the upper bound
on the symmetry breaking scale. In Section III, we dis-
cuss the general aspects of gauge extensions of the SM
that give rise to a dark matter candidate from the can-
cellation of gauge anomalies. In Section IV, we show
that CP violation is present in these theories and calcu-
late the contribution to the electric dipole moments of
SM fermions from the two-loop Barr-Zee diagrams [30]
shown in Fig. 1. We summarize our findings in Section V.
Further details are provided in the Appendices A, B and
C.
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2II. EDMS AND DARK MATTER
In theories beyond the SM with new gauge forces one
typically needs a new sector to define an anomaly free
theory. This new sector can provide new sources for CP
violation and if the new particles are not very heavy then
large values for the electric dipole moments can be pre-
dicted. For example, in theories based on gauging baryon
U(1)B or lepton number U(1)L, the new sector must
be light because one of the fields needed for anomaly
cancellation is a cold dark matter candidate. The cos-
mological constraint on the dark matter relic density,
ΩDMh
2 ≤ 0.12 [31], implies that the dark matter candi-
date must be below the multi-TeV scale [32, 33]. In these
theories, all the new fermions acquire mass from the new
symmetry scale, and hence, the fields that contribute to
the EDMs must also be light.
In Fig. 1 we show the leading contribution to the elec-
tron dipole moment in the theories mentioned above,
where in the ‘black-box’ (circle) one has the new fermions
needed for anomaly cancellation that carry SU(2)L and
U(1)Y quantum numbers. In order to investigate the cor-
e e
γ
h Vµ
FIG. 1. Barr-Zee contribution to the electric dipole moment
of the electron. Vµ is a generic neutral gauge boson, e.g. the
photon, the Z or a Z′. Here h corresponds to the SM Higgs
boson.
relation between the predictions for the electron electric
dipole moment and the dark matter constraints we dis-
cuss a simple model where the existence of dark matter
is predicted and there exist new sources of CP violation.
It is important to mention that in other theories, such
as supersymmetric ones, there can also be a connection
between the predictions for EDMs and the properties of
the lightest neutralino as a dark matter candidate; how-
ever, these theories are more involved and the relevant
scale cannot be predicted. Therefore, it is fair to say that
large values of the EDMs are not a general prediction of
the MSSM.
III. THEORETICAL FRAMEWORK
In theories for physics beyond the SM where a new
gauge symmetry is spontaneously broken there can be
new sources of CP-violation. In this article, we focus
on extensions of the SM where the new symmetry is not
anomaly free in the SM. The simplest cases correspond to
the cases where B and/or L are promoted to local gauge
symmetries [28, 29]. Our main results can be applied to
different theories but to make the discussion clear we will
show the predictions in the context of the minimal theory
for local baryon number.
An anomaly free gauge theory for baryon number can
be defined by adding only four extra representations [29].
The extra fermion fields needed for anomaly cancellation
are the following:
ΨL ∼ (1, 2, 1/2, 3/2), ΨR ∼ (1, 2, 1/2, −3/2),
ΣL ∼ (1, 3, 0, −3/2), and χL ∼ (1, 1, 0, −3/2).
Notice that this theory predicts the baryon number for
each multiplet to be ±3/2 and the existence of a Majo-
rana dark matter candidate. In this context, the lightest
electrical neutral Majorana field is our dark matter can-
didate.
The Yukawa interactions in this theory for the new
fermions are given by
−L ⊃ y1Ψ¯RHχL + y2H†ΨLχL + y3H†ΣLΨL
+ y4Ψ¯RΣLH + yΨΨ¯RΨLS
∗
B
+
yχ√
2
χLχLSB + yΣTr(ΣLΣL)SB + h.c., (1)
where H ∼ (1,2, 1/2, 0) corresponds to the Higgs doublet
in the SM and the scalar SB ∼ (1,1, 0, 3) acquires a non-
zero vacuum expectation value generating the masses for
the new states. We define the mass parameters
µΣ =
√
2yΣvB , µΨ =
yΨ√
2
vB , (2)
and in Appendix B we discuss the mass matrices and
their diagonalization to find the physical masses. It is
important to emphasize that local baryon number must
be broken in 3 units, and hence, the proton is predicted
to be stable and the symmetry breaking scale can be low.
After symmetry breaking, the local U(1)B is broken to
a Z2 symmetry which protects the dark matter candidate
from decaying. After symmetry breaking, one has the
symmetry:
{ΨL → −ΨL, ΨR → −ΨR, ΣL → −ΣL, χ0L → −χ0L}.
Therefore, if the lightest field in this sector is neutral
we have a scenario consistent with cosmology and a cold
dark matter candidate. This simple theory predicts the
existence of four neutral fermions χ0i (i = 1, 2, 3, 4), two
charged fermions χ+j (j = 1, 2), a neutral Higgs boson
hB and a neutral gauge boson ZB . The lightest neutral
fermion χ01 is stable and describes the cold dark matter
in the Universe. See Appendix B for a detailed discussion
of the properties of the new fermionic states.
The new Yukawa couplings present in Eq. (1), yi
(i = 1..4), yΨ, yχ, and yΣ are in general complex and
there are new sources of CP violation. It is straightfor-
ward to see that there are three CP-violating phases in
this theory that cannot be rotated away. In the charged
fermionic sector there is only one CP-violating phase,
φ = arg(y∗3y
∗
4µΣµΨ), relevant for the EDM predictions.
3IV. PREDICTIONS FOR EDMS
The ACME Collaboration has found an upper limit on
the electron EDM at 90% confidence level [1]
|de|
e
< 1.1× 10−29 cm. (3)
The main contribution to the electron EDM in the class
of theories we study is shown in Fig. 1 with Vµ = γ and
it is given by
dγhe =
α2 cos θB Qeme
8pi2sW m2hmW
2∑
i=1
Mχ±i
Im[Ciih ] I
i
γh(Mχ±i
), (4)
where the loop integrals I(m) are given in Appendix A
and the Feynman rules used to derive this expression
are given in Appendix C. There are also contributions
from having hZ, hZ ′, and WW in the loop; however,
10−1 100 101 102
|µΣ| [TeV]
10−1
100
101
102
|µ Ψ
|[T
eV
]
ΩDMh
2 > 0.12
1.1× 10 −29
(ACM
E
2018)
0.3×
10 −30
(ACM
E
III)
|de|/e [cm] |y4| = 2|y3| = 0.4 φ = pi/2
10−1 100 101 102
|µΣ| [TeV]
10−1
100
101
102
|µ Ψ
|[T
eV
]
ΩDMh
2 > 0.12
1.1× 10−29
(ACM
E
2018)
0.3×
10 −30
(ACM
E
III)
|de|/e [cm] |y4| = 2|y3| = 0.4 φ = 0.1
FIG. 2. Contour plots for the EDM of the electron, |de|/e,
in units of centimeters in the |µΨ| vs |µΨ| plane. The region
shaded in orange is excluded by the ACME result [1] and
the blue dashed line gives the projected sensitivity for ACME
III [34]. The region shaded in light red corresponds to over-
production of dark matter. We have taken zero scalar mixing
angle. The upper (lower) panel corresponds to a CP-violating
phase φ = arg(y∗3y
∗
4µΣµΨ) = pi/2 (φ = 0.1).
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FIG. 3. EDMs as a function of the |µΨ| parameter. The blue
(green) line corresponds to the EDM of the neutron (elec-
tron). The region shaded in gray is the upper limit on the
electron EDM obtained by the ACME Collaboration [1]. The
region shaded in light red corresponds to overproduction of
dark matter. The Yukawa couplings and the mass parameters
are fixed as shown in the figure. The CP-violating phase has
been set to φ = arg(y∗3y
∗
4µΣµΨ) = 0.1.
these contributions are subleading when compared to the
γh contribution. In the above equation Mχ±i
correspond
to the physical masses of the anomaly-canceling charged
fermions and θB is the mixing angle between the two
Higgses present in the theory.
The electron EDM in Eq. (4) depends only on one CP-
violating phase φ = arg(y∗3y
∗
4µΣµΨ). In Fig. 2, we show
the predictions of the EDM of the electron. For a maxi-
mal CP-violating phase of φ = pi/2 the ACME constraint
already excludes masses for the charged fermions of up to
20 TeV, by reducing the phase to φ = 0.1 this exclusion
goes down to 2 TeV. The region shaded in red corre-
sponds to the upper bound on the fermion masses that
will be discussed below. For a large CP-violating phase,
the predictions for the electron EDM in these theories
can be fully probed in the near future [34, 35].
The EDM of the neutron is given by [3]
dn = (1.4± 0.6) (dd − 0.25du), (5)
where dd,u = d
γh
d,u + d
hZ
d,u + d
hZ′
d,u correspond to the EDMs
of the down and up quarks and include the different con-
tributions from γh, hZ and hZ ′, the explicit expressions
are given in Appendix A. As pointed out in Ref. [19], the
hZ contribution can be comparable to the γh contribu-
tion for the neutron EDM. In the above equation we do
not include the contribution proportional to θ¯QCD. In
Fig. 3 we show our results, the blue line corresponds to
the predictions for the neutron EDM while the green line
is the one for the electron EDM. The current experimen-
tal bound is |dn| < 1.8 × 10−26 e cm [36] which is much
weaker than the one for the electron EDM and does not
give rise to independent constraints.
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FIG. 4. Ratios of the different contributions to the EDM of
the neutron as a function of |µΨ|. The other mass parameters
are fixed in relation to |µΨ| as shown in the figure. The re-
gion shaded in light red corresponds to overproduction of dark
matter. We have taken zero scalar mixing angle. We have
fixed the CP-violating phase to φ = arg(y∗3y
∗
4µΣµΨ) = 0.1.
In the theories we have discussed, there is new gauge
boson Z ′ interacting with the SM fermions that gives
rise to a new contribution to the EDM; namely, by hav-
ing Vµ=Z
′ in Fig. 1. In theories for local lepton number,
U(1)L, this gives a new contribution to de; however, due
to the strong collider [37, 38] and cosmological [33] con-
straints on a Z ′ coupled to leptons this contribution is
highly suppressed. In the U(1)B scenario the gauge bo-
son can live at a low scale with a large gauge coupling,
and hence, the contribution to dn can be significant. See
Ref. [39] for a recent discussion of the collider bounds for
the gauge boson associated to baryon number. In Fig. 4
we present the ratios dhZh /d
γh
n and d
hZ′
h /d
γh
n to show how
the contribution from these channels compare to the γh
contribution.
As mentioned previously, the lightest neutral state is a
good dark matter candidate. In Fig. 5 we present the relic
density and the experimental constraints in the U(1)B
scenario taking gB ≤
√
2pi/3, the region shaded in blue
overproduces the dark matter relic density and the gray
region is excluded by the perturbativity of the Yukawa
coupling yχ. In this theory the Majorana dark matter
candidate can have the following annihilation channels:
χχ→ q¯q, ZBZB , ZBhi, hihj , WW, ZZ.
Here hi = h, hB , where hB is the second physical Higgs
present in the theory. The peak in Fig. 5 corresponds
to the resonance χχ → Z∗B → q¯q and away from this
resonance the dominant annihilation is χχ → hBZB .
Regarding the direct detection of dark matter, due to
its Majorana nature the channel mediated by the ZB is
velocity-suppressed. Nonetheless, large scalar mixing an-
gles can lead to detectable cross-sections in the near fu-
ture. For a detailed study of the dark matter constraints
see Ref. [33].
An upper bound on the dark matter mass can be found
by the requirement of not overclosing the Universe. In
Refs. [32, 33], by taking the maximal gauge coupling
allowed by perturbativity g′ ≤ √2pi/3 we found that
MZ′ ≤ 28 (21) TeV and MDM ≤ 34 (34) TeV for the
U(1)B ( U(1)L) theory. Although, due to the positive
renormalization group equation for the gauge coupling
gB , a theory with such a large gB is unexpected since
the theory will quickly run into a Landau pole; thus, the
theory is expected to be at a lower scale.
All new fermions in the theory acquire their masses
from the same U(1)′ symmetry breaking scale; namely,
in the limit of small fermionic mixing we have that
Mχ±1
≈ √2yΣv′ =
√
2yΣMZ′/3g
′ and Mχ±2 ≈ yΨv
′/
√
2 =
yΨMZ′/3
√
2g′, then the upper bound on MZ′ translates
as an upper bound on the fermion masses. Taking the
largest value of the Yukawa coupling allowed by pertur-
bativity (yΣ ≤
√
2pi and yΨ ≤ 2
√
2pi) we find that
Mχ±i
≤ 40 TeV, (6)
for the U(1)B theory and shown by the red shaded re-
gion in Figs. 2, 3 and 4. For U(1)L this upper bound
corresponds to 53 TeV. Therefore, since there is an upper
bound, these theories predict large values for the EDM
of the electron as our numerical results show.
These results can have important implications for the
mechanisms to explain the baryon asymmetry in the Uni-
verse. For a recent proposal of a mechanism of baryoge-
nesis in theories with gauged baryon or lepton number
see Refs. [40, 41]. A detailed study of the implications
of our results for the generation of the matter-antimatter
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FIG. 5. Parameter space allowed by the relic density con-
straint, LHC bounds and perturbative bounds for the maxi-
mal gauge coupling gB =
√
2pi/3. We take MhB = 500 GeV
and no mixing angle. The region shaded in blue is excluded
by the relic density constraint ΩDMh
2 ≤ 0.12 and the region
in gray is excluded by the perturbative bound on the Yukawa
coupling yχ. The region shaded in green is excluded by the
LHC bounds on the leptophobic gauge boson mass.
5asymmetry is beyond the scope of this letter.
V. SUMMARY
Experiments such as the ACME collaboration search-
ing for electric dipole moments can shed light on the ori-
gin of CP violation in nature, that is crucial to explain
the baryon asymmetry in the Universe. In this letter, we
have shown that there is a class of gauge theories which
predict new CP-violating interactions once we try to de-
fine an anomaly free theory. These theories predict the
existence of a new sector needed for anomaly cancellation
and since they contain a thermal dark matter candidate,
all states have to be below the multi-TeV scale.
We investigated in detail one of these theories, the
gauge theory for baryon number, where the symmetry
breaking scale should be below MZB . 30 TeV. In this
theory, the dark matter candidate is a Majorana field
and the other charged fields must be below the multi-TeV
scale once we impose the relic density constraints. There-
fore, this theory predicts large values for the electron
EDM that can be tested in the near future. The presence
of a new gauge boson coupled to SM fermions gives rise
to a new contribution to the EDM of SM fermions that
we have computed. However, since the mass of this gauge
boson is related to the mass of the charged fermions that
live at the TeV scale, this contribution turns out to be
small.
Our results demonstrate that for large values of the
relevant CP-violating phase, experiments that search for
the EDM of the electron such as ACME III can probe the
predictions of these theories. These are striking results
which tell us that there is hope to measure a non-zero
electron EDM if these theories are realized in nature.
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Appendix A: EDMs contributions
In computing the two-loops shown in Fig. 1 we follow the approach presented in Ref. [15]. The different contributions
to the EDM of a SM fermion f are given by
dγhf =
α2 cos θBQf
4pi2sW
mf
m2hmW
2∑
i=1
Mχ±i
Im[Ciih ] I
i
γh(Mχ±i
), (A1)
dhZf =
eα cos θB
32pi2cW s2W
(
1
2
T f3 − s2WQf
)
mf
m2hmW
2∑
i,j=1
IijhZ(Mχ±i
,Mχ±j
), (A2)
dhZ
′
f =
gBα cos θB
96pi2sW
mf
m2hmW
2∑
i,j=1
IijhZ′(Mχ±i
,Mχ±j
), (A3)
where Mχ±i
correspond to the physical masses of the anomaly-canceling fermions and the loop integrals I(m) are
given by
Iiγh(Mχ±i
) =
∫ 1
0
dx
x
j
(
0,
M2
χ±i
m2h
1
x(1− x)
)
,
IijhZ(Mχ±i
,Mχ±j
) =
∫ 1
0
dx
1
x(1− x)j
(
m2Z
m2h
,
∆ij(x)
m2h
)
Re
[
(igjiS (g
ij
A )
∗ − gjiP (gijV )∗)Mχ±i x(1− x)− (ig
ji
S (g
ij
A )
∗ + gjiP (g
ij
V )
∗)Mχ±j (1− x)
2
]
,
IijhZ′(Mχ±i
,Mχ±j
) =
∫ 1
0
dx
1
x(1− x)j
(
M2Z′
m2h
,
∆ij(x)
m2h
)
Re
[
(igjiS (κ
ij
A)
∗ − gjiP (κijV )∗)Mχ±i x(1− x)− (ig
ji
S (κ
ij
A)
∗ + gjiP (κ
ij
V )
∗)Mχ±j (1− x)
2
]
,
6with the parameters
gijS = −Re[Cijh ], gijP = Im[Cijh ], (A4)
gijV = −
g sin θW
2
(
CijL + C
ij
R
)
, gijA =
g sin θW
2
(
CijL − CijR
)
, (A5)
κijV =
3
4
gB
(
OijL +O
ij
R
)
, κijA =
3
4
gB
(
OijR −OijL
)
, (A6)
where the matrices Ch, CL, CR, OL and OR are given in Appendix C. The functions in the integrands correspond to
j(y, z) =
1
y − z
(
y log y
y − 1 −
z log z
z − 1
)
, (A7)
∆ij(x) =
xM2
χ±i
+ (1− x)M2
χ±j
x(1− x) . (A8)
Appendix B: Fermionic States
• Neutral States: The mass matrix for the neutral states in the basis (χ0L,Σ0L,Ψ01L,Ψ02L) is given by,
M0 =

yχvB 0
y2v√
2
y1v√
2
0
√
2yΣvB −y3v
2
−y4v
2
y2v√
2
−y3v
2
0
yΨ√
2
vB
y1v√
2
−y4v
2
yΨ√
2
vB 0

, (B1)
where Ψ02L = (Ψ
0
2R)
C . The mixing matrix N relates these fields to the physical mass eigenstates χ0i as follows
χ0
Σ0
Ψ01
Ψ02
 = N

χ01
χ02
χ03
χ04
 , (B2)
and diagonalizes the mass matrix given above as
Mdiag0 = NT M0 N. (B3)
Notice that the neutral sector of this theory is very similar to the neutralino sector in the MSSM.
• Charged States: The mass matrix for the new charged fermions in the basis χ+L = (Σ+L Ψ+1L) and χ+R = (Σ+R Ψ+2R)
is given by
− L ⊃
(
Σ+R Ψ
+
2R
)
MC
(
Σ+L
Ψ+1L
)
+ h.c., (B4)
where
MC =

√
2yΣvB
y3v√
2
y4v√
2
yΨvB√
2
 . (B5)
7In the above equations Σ+R = (Σ
−
L )
C . To obtain the physical fields χ±i the mass matrix needs to be diagonalized.
The relation between the fields in the Lagrangian and the physical fields is given by the VL and VR mixing
matrices (
Σ+L
Ψ+1L
)
= VL
(
χ+1L
χ+2L
)
,
(
Σ+R
Ψ+2R
)
= VR
(
χ+1R
χ+2R
)
. (B6)
The unitary matrices VL and VR diagonalize the mass matrix as follows
V †RMCVL =MdiagC , (B7)
and the following relations can be used to find VL and VR
|MdiagC |2 = V †LM†CMCVL = V †RMCM†CVR. (B8)
Appendix C: Feynman Rules
The Feynman rules needed for the calculation of the EDMs correspond to:
χ+j
χ+i
Aµ
χ+j
χ+i
Zµ
−ieδijγµ − ig sin θW
(
CijL PL + C
ij
RPR
)
γµ
χ+j
χ+i
h
χ+j
χ+i
Z ′µ
−i
[
Cijh PL + (C
ij
h )
∗PR
] 3
2
igB
(
OijLPL +O
ij
RPR
)
γµ
where
CijL =
1
tan 2θW
(V 2iL )
∗V 2jL +
1
tan θW
(V 1iL )
∗V 1jL , (C1)
CijR =
1
tan 2θW
(V 2iR )
∗V 2jR +
1
tan θW
(V 1iR )
∗V 1jR , (C2)
Cijh =
1√
2
cos θB
[
y3(V
1i
R )
∗V 2jL + y4(V
2i
R )
∗V 1jL
]
+
1√
2
sin θB
[
yΨ(V
2i
R )
∗V 2jL + 2yΣ(V
1i
R )
∗V 1jL
]
, (C3)
OijL =(V
1i
L )
∗V 1jL − (V 2iL )∗V 2jL , (C4)
OijR =(V
2i
R )
∗V 2jR − (V 1iR )∗V 1jR . (C5)
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